This study compared the process of biotic and abiotic degradation of biodiesel in a clayey soil in a laboratory environment (ex situ) and infield environment (in situ). The experiment carried out ex situ had controlled temperature and humidity, while the experiment in situ was directly influenced by external factors such as rainfall and temperature. The soil was collected deformed and contaminated with 4% of biodiesel in relation to dry weight (m/m). The bioreactors were molded under the same initial parameter conditions of the field. The experiment lasted for 120 days and contaminant reduction measurements were made throughout the experiment. At the end of the experiment, there was a reduction of 89% in the contaminant initially added to the soil in the ex situ experiment, whereas in the in situ experiment there was a reduction of 32%. The main conclusion is that the laboratory experiment provided better results of biodegradation, since it was possible to perform an effective control of abiotic factors, such as temperature, humidity and pH. However, these results are not representative of the actual behavior in the field.
Introduction
Monitored Natural Attenuation (MNA) is by definition a process that combines all possible reactions that may reduce a contaminant concentration in the environment, such as physical or chemical reactions and biological process. The success of a biodegradation process depends on the intrinsic ability of the system to create and maintain the conditions that promote the biodegradation of pollutants at a sufficiently high rate. (EPA, 1999; Mulligan & Yong, 2004; Bento et al., 2005; Das & Chandran, 2011; Declercq et al., 2012; Sihag et al., 2014; Agnello et al., 2016; Guarino et al., 2017) .
Bioremediation techniques can be categorized as ex situ when they occur in controlled environments, such as in laboratories, or in situ when they occur in the field and environmental conditions are not controlled (Frutos et al., 2012; Smith et al., 2015; Azubuike et al., 2016) . Different studies have been carried out to evaluate the effectiveness of ex situ bioremediation (Dott et al., 1995; Pasqualino et al., 2006; DeMello et al., 2007; Mariano et al., 2008; Owsianiak et al., 2009; Aktas et al., 2010; Corseuil et al., 2011; Sorensen et al., 2011; Borges et al., 2014; Agnello et al., 2016; Guarino et al., 2017; Decesaro et al., 2017) , or in situ bioremediation (Dott et al., 1995; Sendzikiene et al., 2007; Ramos et al., 2013) . However, a direct comparison, with the same soil conditions and the same contaminant, of the monitored natural attenuation technique when applied in situ and ex situ was not found. The influence of infiltration of water in the soil due to rainfall and the influence of the variation of ambient temperature on the biodegradation of biodiesel in residual clayey soil are not yet known. Therefore, studies seeking to understand the response of the monitored natural attenuation technique when applied in situ and ex situ environments are important for the scientific and technical remediation field.
The objective of this study is to evaluate biodegradation by monitored natural attenuation in experiments in a controlled environment (ex situ) and non-controlled (external) environments (in situ) using a simulated contamination of biodiesel in a residual clayey soil.
Materials and Methods

Soil
The clayey soil was obtained from the Geotechnical Experimental Site at the University of Passo Fundo, Southern Brazil. It was collected at 2 meters depth (B horizon) in an open pit, and represents a typical Brazilian basaltic residual soil. Table 1 shows the geotechnical and physical properties of the soil (ASTM, 2017a; ASTM, 2017b; ASTM, 2017c; ASTM, 2017d; ASTM, 2017e; ASTM, 2018a; ASTM, 2019) . The soil is classified as an Oxisol (Streck et al., 2008) and is a high plasticity clay (CH) according to the Unified Soil Classification System (ASTM, 2017f). As can be seen in Table 1 , the soil has a relatively acidic pH, high clay content and a low Cation Exchange Capacity (CEC) (ASTM, 2018b; ASTM, 2018c). These characteristics are representative of a typical soil with a predominance of clay-mineral kaolinite due to its structural conformation. X-ray diffraction analysis indicated that the clay fraction is composed of approximately 70% kaolinite and 30% oxides (Fe and Al). The organic content of the soil is low due to the greater depth at which the soil was collected (ASTM, 2014). The soil is very porous, with a high void ratio, characteristic of residual clays, and these characteristics allow a high permeability.
Contaminant characteristics (biodiesel)
Pure soybean biodiesel (B100) was used in this study to simulate organic contamination in a typical fuel spill/leak situation. Biodiesel has a high flash point (104.2 ± 5.0°C and 77% less particulate matter emissions when compared to regular diesel. Biodiesel also has a higher level of biodegradability and a lower volatility than regular diesel. It is insoluble in water and has a density of 889 kg/m 3 . Moreover, it does not contain sulphur and aromatic compounds (Silva & Corseuil, 2012; Meneghetti et al., 2012; Thomé et al., 2014) , but contains mainly methyl esters highly hydrophobic due to the presence of long carbon chains, which results in a very low solubility in water (Wedel, 1999) . Table 2 presents the main characteristics of the methyl esters present in the regular soy biodiesel.
Assembly of the experiment ex situ (laboratory)
The disturbed soil sample was contaminated with 4.0% biodiesel over the dry weight of soil (m/m), equivalent to a soil contamination of 40 g/kg. Previous studies in laboratory have shown that values above this value cause leaching of the contaminant (Cecchin et al., 2016; Thomé et al., 2017) . The collected soil was dry until reaching 20% of moisture content. It was sieved in a 2 mm sieve (ASTM No.10) for homogenization, and then water was added until it reached a 30% moisture. After homogenized, the 4% of biodiesel was added, and the soil returned to the field moisture content of 34%. The experiment was set up in aluminum cylinders (24 cm in diameter and 24 cm in height), with a volume of 108 cm 3 (Fig. 1 ). The bottom of the cylin- 1.39´10 -3(7)
Log K ow (25 °C) 7.38 8.35 7.45 6.82 (7) 6.29 (7) Log K oc (25 °C ders was filled with inert sand to level the useful volume of all cylinders used. The soil volume was calculated according to the useful area of the cylinder, considering the soil field characteristics for moisture (34%), natural unit weight (16.3 kN/m 3 ) and void ratio (e = 1.19). The total soil mass contained in each bioreactor was divided into 5 equal parts; for each part, compaction was performed within the bioreactor vessel at the natural field density. Bioreactors were assembled and kept in a laboratory with a controlled temperature of 24 °C during the whole time.
Samples were collected at 15, 30, 45, 60, 90 and 120 days. It was used a hollow metal rod of 1 cm in diameter (direct push) to collect the samples. The metal rod was carried to the depth at which it reached the drain. Upon removal from the test specimen, the contained soil therein was homogenized, and 15 g were separated to verify the biodiesel content at that time, in triplicate. After the samples were collected, the empty site was filled with clean sterile sand.
Assembling the experiment in situ (field)
The assembly of this reactor included the use of a polyethylene box with a 2 m 3 capacity. The total volume of contaminated soil used was 1.95 m 3 , with 0.75 m 3 in the layer 1(VL1), 0.65 m 3 in layer 2 (VL2) and 0.55 m 3 in layer 3 (VL3) (Fig. 2) . At the base of the reactor, a percolated drainage system was installed, providing leachate material collected on rainy days. The molding process was similar to that of the laboratory experiment. The soil was homogenized and mixed with water until it reached 30% moisture content, and then 4% of contaminant (97.4 kg) was added and homogenized to achieve the natural soil moisture in the field, i.e., 34%. Considering the large volume of soil, the soil compaction process was carried out in layers of 10 cm thickness. This was performed so that the soil density control was more efficient and became as close as possible to the natural field density (16.3 kN/m 3 ) and the natural void ration (e = 1.19).
A 2 meter deep trench was excavated on a slope of the experimental field, and the box was placed at the bottom. At soil sampling, guide tubes were left at pre-determined points, and a backfill was performed with local natural soil (Fig. 2) . Due to the large size of the bioreactor, three sampling depths were defined in relation to the natural soil surface, that is, depth 1 (D1) at 0.2 m from the bioreactor surface, depth 2 (D2) at 0.5 m, and depth 3 (D3) at 0.8 m.
The soils collected at each depth were homogenized and taken to the laboratory to determine the residual contaminant content. This determination was performed in triplicate. The samplings occurred in the same period of the laboratory study (ex situ), that is, at 15, 30, 45, 60, 90 and 120 days. As a response variable, the percentage of contaminant reduction was evaluated over the experimental time at each depth. In the case of application in situ, elements such as soil temperature, humidity and infiltration were not controlled. The field experiment was set up in January, which is summer in the Southern Hemisphere. By the Köppen classification, Passo Fundo (28°13'36" S, 52°23'13" W and 687 m altitude) is located in the fundamental temperate climate zone (C), presenting a humid (f) and a subtropical specific variety (Cfa). Thus, the local climate is described as humid subtropical (Cfa), with rainfall well distributed during the year, and average temperature of the hottest month exceeding 22°C. Table 3 shows the mean, minimum and maximum temperatures and mean rainfall in the months during which the experiment was performed (EMBRAPA, 2018).
Analyses of experiments ex situ and in situ
The residual free phase contaminant content for the ex situ experiment and for the in situ experiment was determined by the quantification of oils and greases after the homogenization of soil samples. The extraction was performed using a UNIQUE® probe ultrasound, according to the methodology of USEPA 3550B.
In both experiments, the residual content of contaminant extracted was calculated by Eq. 1.
onde RC = residual of contaminant present in test specimen (g/kg), D W = quantity of soil in dry weight used in the analysis (g), B W = weight of the beaker (g) e W B+C : weight of the beaker plus the weight of the contaminant extracted from the soil (g). Figure 3 shows the residual biodiesel content in the different sample periods of the experiment ex situ, and the data presented represent the mean of the values obtained from both bioreactors used in the experiment.
Discussion
Evaluation of the residual content of experiment ex situ (laboratory)
Considering the initial value of contaminant added to the soil (40 g/kg), the contents of the contaminant decreased with time. After 15 days of experiment, the residual content was 24 g/kg, which represents a decrease of 40% in the initial contamination, the same value observed in the sampling performed in the period of 30 days of experiment.
The values observed in the samplings carried out after 45 and 60 days of experiment presented the same percentage of decrease in contaminant (60%), remaining with 196 Soils and Rocks, São Paulo, 42 (2) 15 g/kg of biodiesel. For the sampling performed at 90 days, the residual content decreased to 11.5 g/kg, that is, a degradation of 72.5%. After 120 days of experiment, the percentage of contaminant decreased to 4.5% and reached 89% of the degradation, that is, only 11% of the value added. This reduction is due to the action of microorganisms, since biodiesel is non-volatile at a temperature of 24°C, and no contaminant leached through the drainage system of the bioreactor. Figure 4 shows the residual biodiesel contents at different depths during the period of the field experiment (in situ). As in the experiment ex situ, the data presented represent a mean of the values obtained at each of the depths analyzed. Figure 4 shows that the lowest residual pollutant results during the experiment period were observed at depth 1 (NA.D1). The contaminant content at 15 days was 32 g/kg for depth 1 and 35 g/kg for depths 2 and 3. These values are below the 40 g/kg initially used in the experiment, representing an average reduction of 16% in the initial contamination. It should be noted that the field experiment was set up in January, the hottest month in the Southern Hemisphere, with an average temperature of 22.1°C, but average maximum of 28°C. Another fact that should be mentioned is that during the first 15 days of the experiment, no rainfall occurred. Therefore, the environmental conditions of the first 15 days of the experiment were very similar to those that occurred in the laboratory.
Evaluation of the residual content of experiment in situ (field)
Between 15 and 30 days of the experiment, a 32 mm rainfall with several cloudy days and below-average temperature was observed. This rainfall and temperature influ-Soils and Rocks, São Paulo, 42 (2) enced greatly the results of residual content. Fig. 4 shows that at depth 1, the mean value was 30 g/kg, which is very close to that obtained at 15 days. At depth 2, the mean value was 45 g/kg, and at depth 3, the mean residual value was 42 g/kg. These values above the value initially added indicate that biodiesel leaching occurred from the upper to the lower layers. This finding becomes acceptable when we observed that the residual contents at depths 2 (NA.D2) and 3 (NA.D3), up to the 60 days of experiment, increased gradually, reaching values of 65 g/kg. It is noteworthy that, in this period, there was a total rainfall of 155 mm. A factor that draws attention is that at depth 1, the residual value remained practically constant at the measured points. We concluded that this occurred because the guide tubes were placed for sample removal, and these tubes were closed with a cap to prevent the entry of animals. This may have influenced the volume of water entering these depths, not changing the residual value. A significant decrease in contaminant was observed at this depth, reducing to 14 g/kg at 90 days and to 12 g/kg at 120 days. The final contents observed in the experiment were 12 g/kg for depth 1, 31 g/kg for depth 2 and 55.4 g/kg for depth 3. Therefore, it can be concluded that, in a place where natural attenuation is being monitored in situ, precautions should be taken to prevent water from entering the soil. This may mask degradation results and, depending on where the sample was taken, it can be concluded that biodegradation has occurred. However, in fact, what occurs is contaminate leaching from upper to lower layers.
To calculate the amount of biodiesel degraded in the in situ experiment, the difference in volume of soil at the different depths should be considered. For depth 1 the total residual biodiesel mass was 10 kg (12 g/kg × dry soil in layer 1), for depth 2 the biodiesel mass was 24 kg (33 g/kg × dry soil in layer 2) and for depth 3 was 33 kg (55.4 g/kg × dry soil in layer 3). The total amount of the biodiesel mass at the end of the experiment was 67 kg, i.e. 68.7% of the value initially added (97.4 kg). Therefore, it can be stated that the amount of contaminant degraded in the in situ experiment was 32%. The amount of contaminant obtained in the drainage liquid was negligible. Probably the geotextile placed as a separator served as a filter element for the biodiesel. Figure 5 shows the percentages of degradation of biodiesel after 120 days of experiment ex situ and in situ. By analyzing Fig. 5 , the percent degradation in the experiment ex situ was 89%, while for the experiment in situ was 32%. The degradation in the field was 3 times lower than the laboratory degradation. This finding leads to conclude that the abiotic effects of climate directly affect the efficacy of bioremediation, making the results obtained in the field (in situ) worse when compared with laboratory data (ex situ). The control of the entry of water into the soil must occur in in situ experiments to avoid problems of erroneous analysis of results. This is because, in the case of installing a monitoring well at a fixed depth, reducing the amount of contaminant in the site can be attributed to biodegradation, whereas in fact it is due to leaching of the contaminant to deeper layers.
Comparison of degradation in laboratory and in field
Conclusions
This study evaluated the difference in behavior of biodegradation in laboratory and in field experiments, considering the moisture and density characteristics of the residual clayey soil. From the results obtained, it was possible to reach the following conclusions:
-The conduction of the experiment in laboratory provided better results of biodegradation, since it is possible to perform an effective control of abiotic factors, such as temperature, humidity and pH. However, these results are not representative of the actual behavior in the field.
-The field experiment allowed identifying the migration and leaching of the contaminant to lower layers of the reactor, since there was a considerable reduction in the volume of contaminant in the top soil and a progressive increase in the contaminant at lower soil depths.
-At the end of the experiment, the total contaminant reduction in the field was 3 times lower than the contaminant reduction in laboratory. This leads to the conclusion that abiotic factors directly influence the efficiency of bioremediation, especially the natural attenuation.
-Waterproofing the soil surface is suggested in places where natural attenuation monitoring is carried out in situ to avoid leaching, thus preventing an erroneous analysis of biodegradation. 
